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MSTBACT 

The incidence angle modifier for parabolic 
troughs is investigated in order to clarify 
the connection between collector tests and 
prediction of long term ~nergy delivery by 
collector arrays. The optical efficiency of 
a parab'3lic trc.-:gh collector decreases with 
incidence angle Eor several reasons: 

• decreased transmission and absorption, 

• increased width of solar image on re
ceiver, and 

• spillover of radiation in troughs of fi
nite length without end reflectors. 

In order to be able to apply test results 
from a (usually short) collector module to 
collector arrays of arbitrary length, it is 
necessary to separate analytically the end 
loss from the first two effects. This anal
ysis is applied to several collectors which 
have been tested at Sandia Laboratories and 
at the Solar Energy Research Institute 
(SERI). For improved accuracy, the measure
ments of the incidence angle modifier at 
SERI were carried out at low temperature 
with an open water test loop. The results 
are presented in two forms, first as a poly
nomial fit to the data, and second as a sin
gle number, the all-day average optical ef
ficiency for typical operating conditions. 

1. I~ITRODUC':'ION 

Efficiency curves of solar collectors are 
usually measured and reported at normal or 
nearly normal incidence, which is the most 
reasonable choice for standardized test con
ditions. In actual operation, on the other 
hand, the incidence angle on any collector 
with less than full two-axis tracking varies 
over the course of the day and the year. In 
most collectors the efficiency varies with 
incidence angle and one must take this vari
ation into account to predict correctly long 
term energy delivery (1-4). While this ne
cessity is well recognized in the fla t-p.i.ate 
literature, it has not received sufficient 
attention with regard to concentrators. 

l 

This paper addresses this question in order 
to help formulate a standardized collector 
test procedure and to supply a lllissing piece 
of information for system analysis. 

Since to an excellent approximation the op
tical and thermal properties of a solar col
lector can be considered to be independent 
of each other, the incidence angle affects 
only the optical efficiency 110 , i.e. , the 
efficiency at ambient temperature. This pa
per discusses the measurement of the inci
dence angle modifier K, defined as 

n ( 0) 

K ( S) .. n ( S • 0)' 
0 

and shows how this factor must be combined 
with an· end-loss factor to account for 
spilling of radiation over the end in line 
focus collectors of finite length. The 
method is illustrated with test results for 
parabolic troughs that have been obtained at 
Sandia Laboratories (5) and SERI. The re
sults are presented in two forms: as curve 
fit of K versus a, and as all-day average K. 

2. COLLEC!OR PARAMETERS A.."ID TEST PROCEDURE 

The efficiency of solar thermal collectors 
usually is measured by flowing a heat trans
fer fluid through the collector and monitor
ing Tin and Tout. In terms of the :nean 
fluid temperature 

Tf • (Tin+ Tout) 12 • 

the efficiency is 

n • P'(n
0 

- U~T/I), 

where 

a"I' a T - T 
f ambient 

(2-1] 

[2-2 J 

(2-3] 

and I • insolation per aperture area (for a 
line focus collector, I • Ib cos 9, where 9 
is the incidence angle and Ib is the beam 
irrariiance as :neasured with a pyr~elio
:neter}. F' is a factor which accounts :'or 
t~e difference between fluid and absorber 
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surface temperature, n
0 

is the optical ef
ficiency, and U is the heat loss coefficient 
(6,7). The fact that only the products 
(F' n

0
) and (F 'U) are measured is of no con

cern for this paper because F' is indepen
dent of 6. At nonzero incidence the optical 
efficiency decreases for several reasons: 

• decreased transmission and absorption, 

• increased width of solar image on re
ceiver (8), and 

• spillover of radiation in collectors of 
finite length without end reflectors. 

In order to be able to apply test results 
from a (usually short) collector module to 
collector arrays of arbitrary length, it is 
necessary to separate analytically the end 
loss from the first two effects. This is 
accomplished by writing the efficiency equa
tion in the form 

.1'1(6) .. F' (11 (6 - 0) K(6)r(6) - UAT/I), [2-4] 
0 

where 

11 ( 6) 

KC 9> • 11 c% ~ o> I 
0 .t ... 

[2-5] 

is the incidence angle modifier for infi
nitely long troughs. The end loss factor 
re 6) is a strictly geometric quantity. de
fined as one minus the fraction of the rays 
incident on the aperture which spill over 
the end of a receiver of finite length. A 
straightforward, although slightly tedious, 
calculation yields the result 

re 6) • 1 - -i(1 + w
2 
/4si) tan e [2-6] 

for a parabolic trough of length .t, aperture 
width w, and focal length f, asaumming that 
the receiver has the same length .t and is 
placed symmetrically. If the receiver ex
ceeds .t by an amount r on one side, r is 
modified to 

f(6) .. min jl r f 2 2 
/1+"!-x;(l+w /48f )tan 6 

(2-7] 

for the corresponding sign of 6. For ex
ample, if the receiver has an overhang r on 
the east side and no overhang on the west 
side, one must use Eq. (2-6] for negative 6 
(morning) and Eq. (2-7] for positive 6 (af
ternoon). 

Since the incidence angle affects only the 
optical ter:n in Eq. [2-4], it is best to 
measure '1( 6) at or near ambient temperature 
to Minimize the heat loss correction. If 
this is not possible, the heat loss term 
F'UAT/I :nust be added to 11(9) to isolate the 
optical term ::''11

0
(9 • 0) K(e) r'(S). If, as 

~s the case in most collector test facili-

2 

ties, 11 is found by measuring flow rate and 
temperature rise T

0
u - Ti across the col

lector, it is cruciaf that \oth T
0 

t and Tin 
be stable. This requirement may ~e diffi
cult to satisfy in a closed loop system be
cause the solar energy input gradually 
raises the temperature of the fluid. Even 
if Tout - Tin is stable under such condi
tions, it does not yield the true efficiency 
because Tout and Tin• measured simultaneous
ly, do not correspond to the temperature in
crease of the same fluid element on its pas
sage through the collector. In most cases 
this effect is more serious than the time 
constant of the collector itself. 

While it is possible to apply appropriate 
corrections to closed loop measurements, we 
found it much simpler to carry out the tests 
at SERI with an open loop. Water from the 
water mains had sufficiently constant tem
perature for this purpose and could be dis
carded after passage through the collector • 
Water also has the advantage of a precisely 
known heat capacity. 

If closed loop operation is desirable, one 
can still obtain accurate incidence angle 
results by resorting to the calorimetric 
method, i.e., by monitoring the temperature 
rise in a well mixed storage tank rather 
than Tout - Tin" Of course, a correction 
must then be applied for heat losses from 
tank and heat fluid transfer lines. (The 
correction factor is measured by observing 
the temperature drop when no collector is in 
the system.) 

3. AVAILABLE DATA 

3.l Sandia Data 

All-day performance curves have been ob
tained for several line focus collectors at 
the Collector Module Test Facility of Sandia 
Labs. (5). The parameters for these collec
tors are listed in Table 3-l. The optical 
and heat loss parameters (F'l1) and (F'U) 
were derived by straight line 7nterpolation 
of the instantaneous efficiency data. U is 
expected to increase with temperature, but 
the data points did not deviate sufficiently 
(i.e., compared to their accuracy) from a 
straight line to justify a second order fit. 
Also, any errors in long term performance 
predictions resulting from this approxima
tion are very small, provided the same 110 
and U are used consistently throughout. 

A typical all-day performance curve from 
Ref. 5 is reproduced in Fig. 3-1. By itself 
such a curve applies only to the specific 
conditions at the time of the test. If one 
wants to know the energy deli very of this 
collector under different operating condi
tions (e.g., different tracking mode, dif
ferent time of year, different temperature), 
one 111Ust calculate the incidence angle modi
fiers by the procedure described in Section 
2. First, the time of day is converted to 
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Table 3-1. Collector Parameters for One-Module Parabolic Troughsa 

Collector Type 
F'U 

(W/m2 °C) 

Focal 
Length 
f (m) 

Aperture 
Width 
w (m) 

Aperture 
Length 

R. (m) 

Rim 
Angle 

(degrees) 

Geometric 
Concentration 

Ratio C d 

Del 

A cur ex 

Solar Kinetics 

Hexcel, Sandia 

Hexcel, SERI 

0.672 

0.597 

0.666 

o.709 

0.684 

0.777b 

o. 710 

0.695 

0.514 

1.570 

0.107 

0.489 

0.267 

0.927 

o. 927 

0.610 

1.829 

1.040 

2.711 

2.711 

2.440 

3.048 

6.100 

5.968 

5.968 

110 

90 

90 

72 

72 

10.2 

18.3 

13.0 

e 

aReceiver tube length was equal to aperture length except for Sandia version of Hexcel 
which had the receiver extending r • 30 cm beyond aperture on east side. 

bn vs. 6.T/I curve not linear for Del collector; F'U given at 200°C average fluid 
temperature. 

cHexcel, SERI had no cover glazing or insulation at the receiver. 
dThe geometric concentration ratio C is defined as aperture area/receiver area; i.e., C • 
w/~d, where d • absorber tube diameter. 

eHexcel Sandia had radiation shield in back of receiver tube. 

···-----.-----,---·--
TEST DATEo a SEf'TE"8ER 1S78 NOON OUTPUT TEl'IF'o 2D8 D~G t 

NOON FLOW RATEo 8 L/MIN 

SOLAR RADIATION~ 

EFFICIENCY 
...;;~~'"*-~ . • . • . 

. ,or···. ·~. ~-~..,.•~'-'- .. 
. -~oil~· . . ' Tl......_ 

<#ii': • " ....... "'· ~~ ~ . 
.;N. ';.;."\· 

..r.'="' .,.~ 

// " .... ~:.h~\:., 
~ . '\ 

.. • 'L:,-: ••• 
~.J· 

~· ~ 

v··/:~ .. ?:~.;... 
~1 .. 

r"': · ... :!'\. 

JDSa 

Slllll 

75lll 

&Dlll 

'ISlll 

51!1lll 

15111 

1 111 L ·----- __ L__ _____ .---L-----·-·- 4-------L------- •--·------'---- __ .l._ ____ ;_:_'.L a 
8111111 SOD !ODD 110111 120D l!illlD 1'11110 151118 16111111 

SOLAR Tl~ !HAS. ) 

Fig. 3-1. Typical All-Day Efficiency Curve For Parabolic Trough as 
Measured by Sandia Laboratories. The definition of 

/ efficiency used by Sandia differs from ours by a factor 
of cos a. 
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incidence angle by using the equation of 
time for the test day. Then K( S) is ex
tracted from Eq. [2-4) after inserting the 
relevant collector parameters from !able 3-
1. The results, plotted in Fig. 4-l, are 
discussed in the following section. 

Unfortuaa tely, the accuracy of the Sandia 
all-day curves was severely limited by the 
fact that they were obtained by the flow 
rate method in a closed test loop that took 
several hours to reach equilibrium (9). To 
some extent the uncertainties caused by 
changing loop temperatures can be reduced by 
combining morning and afternoon data, as we 
have done wherever possible. In cases where 
clouds or tracking errors caused irregular 
drops in efficiency, we interpolated the 
data. When several all-day curves were 
available for the same collector, we aver
aged the incidence angle modifier to improve 
the accuracy. In view of the test procedure 
used, the uncertainty in the results may be 
large and difficult to estimate. 

3.2 SERI Data 

The Hexcel parabolic trough collector was 
shipped to SERI after testing at Sandia. 
This collector was tested in an open water 
loop at SERI in order to investigate its op
tical properties more thoroughly. The low 
temperature tests had the following goals: 

• 

• 

• 

to determine the incidence angle modi
fier, 

to determine the optical errors of the 
collector (by :neasuring its performance 
as a function of misalignment angle, as 
jescribed in Ref. 10), and 

to study effects of circumsolar radia
tion (to be described in a future re
port). 

' The receiver enclosure (glazing and heat 
shield described in Ref. .5) was removed for 
these tests in order to complement the San
dia measurements by testing a version of the 
collector that :nay be more promising for ap
;ilications at lower temperatures for which 
improvement in 11

0 
outweighs the increase in 

U. Also, the absorber tube was replaced 
since the original one had been damaged in 
transit. 

The data for the incidence angle modifier 
were measured so close to ambient tempera
ture that heat loss corrections amounted to 
a few percent at most. Also, these tests 
were carried out on days with little or no 

wind, hence uncertainties due to wind speed 
fluctuations were negligible. 

4. RESULTS 

The results of the analysis are shown in 
Fig. 4-1 as a plot of K( S) versus incidence 
angle 6. Remar!<ably good straight line fits 

4 

are obtained when K( S) for flat-plate col
lectors is plotted against the variable 
l/cos S - 1 (4), but, as shown in Fig. 4-2, 
l/cos S -1 is cot a useful variable for par
abolic trough collectors; the data points 
consistently curve downward at large angles. 
This feature is not surprising since in par
abolic troughs a decrease of the intercept 
factor Y is superimposed on the decrease of 
the reflectance-absorptance product, and the 
functional dependence of these quantities is 
different (8). Theoretical calculation of 
K( S) requires knowledge of the optical er
rors of the collector, and the functional 
dependence of a, il, and T on S; lacking this 
information, we have not attempted such a 
calculation. 

In any case, for practical applications, 
only a curve fit to the data is needed, and 
a polynomial in 9 with two adjustable param
eters gives excellent fits. In choosing the 
coefficients we i~pose the constraints 

K( S'" 0) • 1 (4-1 J 

and 

K(S • !J • O. (4-2] 

A linear term is unnecessary because the 
slope of K is practically zero at small an
gles. Therefore, we use the fit 

K( S) • 1 + Ar? + ae3 + ce4, [4-3] 

subject to the constraint 

1 + A(!)2 + a(!)3 + c(!.)4 - o. [4-4J 2 2 2 

The coefficients are determined by the meth
od of least squares. The closeness between 

: ~''"'"'1'' 111 ''' 1 1'''''' 111 ! 1 "''''·'1'''''''''!''''''''] 
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Fig. 4-1. Test Results for the Incidence 
Angle Modifier. 
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Fig.4-2. Incidence Angle Modifier Plotted vs. l/cos 0-1. 

the data points and these fits is displayed 
in Fig. 4-3, and the numerical values of the 
coefficients are included. 

5. ALL-DAY AVERAGE 

For short-hand performance prediction meth
ods ( ll, 12), use of a single number, the 
all-day average optical efficiency ii , is 
far more convenient than the function n° ( 9). 
To be consistent with the utilizab1lity 
method, the all-day average must be calcu
lated with the beam irradiance Ib as a 
weighting factor. For this purpose the long 
term average meteorological correlations of 
the Liu and Jordan type (12) are appropri
ate; this is explained in the Appendix of 
Ref• 8. The beam irradiance corresponding 
to hour angle ui and sunset hour angle ui is 
given by the equation s 

5 

where 
a • 0.409 + 0.5016 sin (ws-1.047), 

b = 0.6609 - o.4767 sin (Uls-1.047), 

I
0 

• solar constant, 

[S-2] 

[5-3) 

Kh • clearness index (ratio of terrestrial 
over extraterrestrial daily total ir
radiation on the horizontal surface), 
and 

ratio of diffuse over hemispherical 
daily total irradiation on the horizon
tal surface. 

Since concentrating collectors operate pri
marily during sunny periods, one can assume 
Hd/Hh "' 0.23 and Kh • 0.75 (the values of Kh 
and I

0 
do not matter for the calculations in 

this paper). 

The all-day average is defined by the for
:nula 

:.ii 

f
0 

c dUI Ib(w) cos 6 y( 9) 

y - ----~"',..---------------~ 
r c 
'O 

[5-4] 
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for y • K, r, Kr, and n

0
• The incidence an

gle is a function of time of day and time of 
year given by 

[S-5] 

with o • solar declination, for collectors 
with horizontal tracking axes pointing in 
the east-west direction; and for collectors 
with horizontal tracking axes pointing in 
the north-south direction it is given by 

2 2 't;z 
cos 6 • cos iS lsin w + (cos ). cos w + tan i5 sin X) j , [5-6] 

NS 

with X • geographic latitude. 

For polar 1110unt the incidence angle equals 
the declination, 

e • o, 
polar 

[5-7] 

at all times and is so small that the inci
dence angle modifier can be neglected in 
111ost cases. 

Strictly speaking, one should calculate KT; 
however, the presentation of the results is 
greatly simplified with the approximation 

Ii • n ( e • O) K1' • n ( e • O) 'K 1". 
0 0 0 

[S-8] 

Therefore, - first investigate (see Table 
S-1) the ratio of K1' and K "f for three dif
ferent values of the ratio of the length 
over focal length, R./f, corresponding to a 
Hexcel collector operating as a single 111od
ule, or as two or four modules joined in a 
row. For this table, as well as the next 
two tables, the following format has been 
adopted: all values are calculated for sum
mer solstice, equinox, and winter solstice, 
for both east-west and north-south mounts, 
and for each case values are entered for two 
cutoff times [tc • t~ - 1 hour (top row) and 
tc • ts - 2 hours l bottom row)], based on 

the assumption that the collector operates 
from tc hours before noon until tc hours af
ter noon. The difference between the aver
age of the product and the product of the 
averages is seen to be small enough to be 
neglected, since collectors with horizontal 
tracking axes will usually be installed in 
long rows. 

Therefore, two tables suffice to present the 
all-day averages. Table S-2 lists 1" as a 
function of R./f, and Table S-3 lists K for 
each of the collectors that have been test
ed. Comparison of the entries for different 
cutoff times tc indicates variation on the 
order of 1%. This implies that an all-day 
average interp~lated from these tables is 
quite acceptable for use in calculations of 
long term energy delivery. 
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Table 5-1. Comparison of K1' and iC1" for Hexcel Collector 
As Function of Array Lengtha 

'Kl'/K!' 

E-W Axis N-S Axis 
R. 
f Summer Equinox Winter Summer Equinox Winter 

6.44 0.987 0.987 0.998 1.000 1.000 o.998 
0.993 0.995 0.999 1.000 1.000 0.999 

12.9 0.993 0.993 0.999 t.000 1.000 t.000 
0.996 0.997 0.999 1.-ooo 1.000 1.000 

25. 7 0.996 0.996 0.999 1.000 1.000 1.000 
0.997 0.998 0.999 1.000 1.000 1.001 

8 Top number represents cutoff time 1 h before sunset; bottom 
number represents cutoff time 2 h before sunset. 

7 
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!able s-2. All-Day Average of Znd-Loss Factors8 

1' 

E-W Axis N-S Axis 
! 

Summer Equinox Winter Summer Equinox Winter I 
6.44 0.861 0.872 0.911 0.947 0.899 0.760 

0.880 0.896 0.930 0.967 0.887 0.736 

12.9 0.928 0.934 0.952 0.978 0.944 0.873 
0.937 0.944 0.960 0.978 0.938 0.861 

25.7 0.961 0.965 0.972 0.984 0.967 0.930 
0.965 0.969 0.975 0.984 0.963 0.924 

aTop number represents cutoff time 1 h before sunset; bottom 
number represents cutoff time 2 h before sunset. 

Table 5-3. All-Day Average of Incidence Angle Modifier Y 
for Various Collectorsa 

E-W Axis N-S Axis 

Collector 
Type Summer Equinox Winter Summer Equinox Winter 

Del 0.914 o. 923 0.960 0.994 0.960 0.843 
0.932 0.946 0.975 0.996 0.953 0.821 

Acurex 0.855 0.876 0.954 1.000 0.971 0.683 
0.890 0.921 0.988 1.000 0.963 0.627 

Solar 0.946 0.954 0.990 1.000 0.997 0.891 
Kinetics 0.964 0.977 1.000 1.000 0.996 0.866 

Hexcel, 0.927 0.935 0.969 0.995 0.970 0.868 
Sandia 0.944 0.957 0.981 0.997 0.965 0.847 

Hexcel, 0.938 0.945 0.980 0.998 0.983 0.883 
SERI 0.955 0.968 0.990 0.999 0.980 0.861 

a Top number represents cutoff time l h before sunset; bottom 
number represents cutoff time 2 h before sunset. 

NOMENCLATURE t Time of day (measured from solar 
noon) 

f 

F' 

I 

I<( 0) 

r 

Focal length 

Factor in Hottel-Whillier-Bliss equa
tion which accounts for difference 
bet'~een fluid temperature and absorb
er surface temperature 

Inso~ation on aperture • Ib cos 
(W/m ) 

9 

Beam irradiance as measured by pyr
heliometer (W/m2) 

n
0

( 0)/n
0

( 0 • 0) incidence angle modi
fier for collectors without end loss 

All-day average incidence angle modi
fier 

Length of collectors 

Amount by which receiver extends be
yond aperture 

8 

tc 

ts 

Ta 

Tf 

Tin 

Tout 
dT 

CJ 

y 

I'( 0) 

Cutoff time 

Sunset time 

Ambient temperature 

Mean fluid temperature • (Tin+Tout)/2 

Inlet fluid temperature 

Outlet fluid temperature 

Tf - Ta 

Heat loss coefficient or CJ value, 
relative to aperture area (W/m2 °C) 

Absorptance of receiver 

Intercept factor '" fraction of rays 
incident on aperture which reach re
ceiver if collector has no end loss 

End-loss factor 
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0 

ll (e) 

All-day average of r 

Solar declination 

Collector efficiency at incidence an
gle e 

n0 ( S) Optical efficiency • (?Ta) y 

"ii
0 

All-day average of n0 

e Incidence angle on collector, meas
ured along trough axis from collector 
normal 

>. Geographic latitude 

P Reflectance 

(?Ta) Effective reflectance-transmittance-
absorptance product 

T Transmittance 

:..i Hour angle • 2 irt/T (T • 24 h) 

wc Cutoff hour angle • Zirtc/T 

:..is Sunset hour angle • 2irts/T 
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